. These observations suggest but could be observed in the absence of the ␤-globin that replication timing can be regulated dynamically and promoter. Importantly, the replication timing switch did can be modulated in a tissue-specific manner. Neverthenot require a replication origin within the transgene.
. LCR is also required for ous studies have demonstrated that the mammalian enhanced expression of the globin genes and for early genome is divided into distinct chromosomal replication replication of the globin locus in erythroid cells [22] . timing domains [1] . The replication timing plan involves However, the specific role of the LCR in establishing replication initiation and replication timing is unclear. The IR can initiate early replication at simian ectopic Figure 1B shows for the function provided by the LCR in the native locus. a schematic representation of a replication timing analyIt has been shown that LCR sequences, but not a collecsis. We used the thymidine analog bromodeoxyuridine tion of the sequences derived solely from the hypersen-(BrdU) to label replicating DNA in asynchronous prolifersitive site "core" sequences, can dictate tissue-specific ating MEL cells, and then fractionated the labeled popureplication timing at ectopic positions in transgenic mice lation according to DNA content. We then used real-time [24] , but studies at the native sites suggest that the quantitative PCR with primers spanning the insertion hypersensitive sites are neither essential for tissue-speregion (see Table S1 in the Supplemental Data available cific expression of the globin genes in the native locus with this article online) to measure the abundance of [25] nor for early replication [26] . Nevertheless, it is imspecific genomic sequences in BrdU-substituted DNA portant to note that, to date, all studies of LCR mutants from the six isolated fractions (one G1 fraction, four and ectopic insertions demonstrated a correlation befractions from consecutive stages of S phase desigtween early replication and a decondensed chromatin nated S1-S4, and one G2/M fraction). (Examples of the conformation [21, 26].
real-time PCR output and a representative calibration To investigate the relationship between DNA replicacurve, as well as an example of the data processing, tion and gene expression and the roles played by the are shown in Figures S1A and S1B and Table S2 ). IR and LCR in these processes, we developed an experiWe first determined the replication timing of DNA semental system in which the replication timing and gene quences that lie adjacent to the RL4 site in MEL cells expression can be altered in a controlled manner. This that had not been transfected ( Figure 1A, I ). The data system uses sequences from the human ␤-globin locus from this analysis are summarized in Figure 2A . Seinserted at a site in the murine genome through recombiquences from early-replicating loci, such as the murine nase-mediated cassette exchange (RMCE) [27]. This ␤-globin locus, were enriched in early S phase BrdUtransgene exhibits orientation-dependent silencing at substituted DNA (including the G1 fraction, which could some insertion sites: it is silenced when inserted in one contain some cells in early S phase). In contrast, seorientation, but not in the other [28] . Orientation-specific quences known to replicate late in MEL cells, such as silencing is associated with hypermethylation of the the murine amylase locus, which is not expressed in transgene DNA, but not with changes in DNase I hyper-MEL cells, were enriched in the late S phase fractions. sensitivity of the LCR-derived sequences inserted in the Sequences from the insertion site were preferentially transgene. Here, we show that the insertion site, which amplified in the late S phase fractions, exhibiting a patwas susceptible to orientation-dependent silencing, extern similar to that observed for the late-replicating amyhibited late replication during the S phase of the cell lase. These data suggested that this region replicated cycle. The insertion of an active gene facilitated early late during the S phase of the cell cycle. replication of the transgene and an extended chromosomal region straddling the insertion site in a reversible, Insertion of a Transgene Altered Replication orientation-dependent manner. Our findings further sugTiming from Late to Early gest that establishment of replication timing domains We next determined the replication timing of sequences involves epigenetic changes in chromatin structure and from the vicinity of the insertion site after insertion of that the determinants of replication timing are distinct a transgene that contained the hygromicin antibiotic from the determinants of replication initiation sites. resistance and the thymidine kinase gene flanked by two inverted copies of a LoxP recognition site ( Figure  Results 1A, II; see [28] ). As shown in Figure 2B , cells that contained the transgene replicated the insertion site and A Late-Replicating Insertion Site for Transgenes sequences in adjacent regions throughout S phase, with in Murine Erythroleukemia Cells the highest abundance of newly replicated DNA ocWe analyzed the replication timing of a transgene concurring in both the early and late S phase. This altered taining hypersensitive sites from the human ␤-globin replication pattern was exhibited by primer/probe comlocus that is fused upstream of the ␤-globin promoter binations from an extended genomic region straddling and drives enhanced green fluorescent protein (EGFP) the insertion site. The murine ␤-globin and the murine expression [28] . The hypersensitive sites included in this amylase markers continued to replicate early and late construct were derived from the core sequences from during S phase, respectively. These findings suggested the LCR hypersensitive sites 2, 3, and 4 (for construct that after insertion there was a distinct difference beinformation, see [28] ). The transgene exhibited orientatween the two chromosomal copies of the RL4 site: the tion-dependent expression when inserted into a genochromosomal region that contained a transgene replimic site termed the random locus 4 (RL4) in MEL cells cated early, while the allelic region that lacked a trans- [28] . Insertion of the expression cassette in one orientagene continued to replicate late during the S phase of tion (permissive) exhibited stable EGFP expression, the cell cycle. whereas when it was inserted in the other orientation (silenced), the transgene became silenced within a few A Transgene Containing Sequences from the LCR weeks after transfection ( Figure 1A) . Loss of gene exand the Globin Promoter Replicated in pression was accompanied by changes in DNA methylaan Orientation-Dependent Manner tion but had no effect on the DNase sensitivity of chroWe next determined the replication timing of the transgene expressing the LCR-globin promoter-EGFP casmatin around the LCR [28] . ; for an tuted DNA from early S phase; this finding suggests that example, see Figure S3 ). As shown in Figure 5 , transthe transgene replicated early during S phase. In the gene-specific sequences (EGFP and human ␤-globin silent orientation, the EGFP sequence was preferentially promoter) were enriched in DNA preparations from chroamplified in the late S phase fractions. The insertion matin that contained acetylated histones H3 and H4 site ( Figure 4B ) showed a late replication pattern in the when the transgene was inserted in the permissive orisilenced orientation and a mixed early/late pattern in entation ( Figures 5A and 5B) . In contrast, transgenethe permissive orientation. The murine ␤-globin locus specific sequences were not enriched in acetylated exhibited a pattern consistent with early replication (Figchromatin when the transgene was inserted in the siure 4C), and the murine amylase locus was preferentially lenced orientation. Sequences from the transgene that amplified in the later S phase fractions (4D) in cells harharbored a deletion in the ␤-globin promoter had also boring the transgenes in both orientations.
exhibited acetylation when inserted in the permissive orientation; this finding suggests that acetylation does not require transcription from the globin promoter. As Changes in Histone Acetylation Correlate expected, acetylation of histones H3 and H4 was not with Altered Replication Timing detected at the amylase locus but was detected in seTo investigate whether reversing the orientation of the quences from the murine ␤-globin locus, in agreement transgene could alter chromatin structure at a local level, with previous studies [30] . Sequences flanking the inwe used chromatin immunoprecipitation assays with anserted transgenes were not enriched in chromatin preptibodies against acetylated histones. We measured the enrichment of specific sequences in the acetylated chroarations containing acetylated histones (5C and 5D). Methylation of histone H3 on lysine 4 followed the patwere not amplified. These data indicated that the nascent strand preparation contained primarily origintern of histone H3 acetylation (data not shown). These data suggest that early replication of the transgene is proximal sequences. No products were detected by using primer pairs derived from within the transgene. These data correlated with modifications of histone tails.
suggested that the DNA fragment derived from the globin IR ( Figure 6C ) was not sufficient to confer initiation Orientation-Dependent Changes in Replication of DNA replication within the transgene. These findings Timing Do Not Depend on Initiation of DNA demonstrate that replication did not initiate within the Replication within the Transgene transgene and suggest that initiation of DNA replication Since the globin promoter included in the transgene from within the transgene was not required for the orienoriginated from the replication initiation region (IR) within tation-dependent replication timing phenotype. the human ␤-globin locus, we determined whether this region was able to initiate replication at the insertion site. This strategy employed -exonuclease to digest all Discussion DNA, except strands primed by RNA, as illustrated in Figure 6A [31, 32] . Combined with size fractionation and We analyzed the replication timing patterns of transgenes, which exhibit orientation-dependent gene silencreal-time quantitative PCR, this method allowed us to determine whether sequences from the transgene were ing in MEL cells. These transgenes are transcribed when inserted in one (permissive) orientation but are silenced present in origin-proximal, newly replicated DNA strands [33] . As shown in Figure 6B , only primers from originwhen inserted in the opposite orientation. Our data showed that the insertion site was located within a lateproximal sequences in the murine adenosine deaminase (ADA) locus or from the murine ␤-globin IR were able to replicating chromosomal domain. Insertion of a constitutively transcribed expression cassette at that site facilamplify PCR products, while sequences from the murine globin LCR, which does not contain a replication origin, itated earlier replication of an extended region containing sistent with the observation that the timing of DNA replias Swi6 [46] . An intriguing suggestion is that late replication of condensed chromatin contributes to the presercation is determined anew every cell cycle in both mammalian cells [40] and yeast [41] . At the molecular level, vation of the condensed state through a positive feedback loop that depends on the lack of histone such changes may be mediated through components of the prereplication complex, which also bind compoacetylation during late S phase [1] . Further characterization of the dynamics of gene activation and silencing nents of heterochromatin [42, 43] and play a role in transcriptional silencing in yeast [44] . The coregulation in our system are likely to shed light on the causative relationship between replication timing and gene exof replication timing and chromatin structure, observed here, is consistent with data suggesting that initiation pression. The transgene constructs used in this study did not requires not only the origin recognition complex but also a specific nucleosome structure near the replication include an active replication origin, yet the insertion of the transgene was able to alter replication timing. These origin [45] 
